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Moderate strain induced indirect bandgap and conduction
electrons in MoS2 single layers
János Pető1, Gergely Dobrik1, Gergő Kukucska 2, Péter Vancsó1, Antal A. Koós1, János Koltai2, Péter Nemes-Incze 1,
Chanyong Hwang3* and Levente Tapasztó 1*
MoS2 single layers are valued for their sizeable direct bandgap at the heart of the envisaged electronic and optoelectronic
applications. Here we experimentally demonstrate that moderate strain values (~2%) can already trigger an indirect bandgap
transition and induce a finite charge carrier density in 2D MoS2 layers. A conclusive proof of the direct-to-indirect bandgap
transition is provided by directly comparing the electronic and optical bandgaps of strained MoS2 single layers obtained from
tunneling spectroscopy and photoluminescence measurements of MoS2 nanobubbles. Upon 2% biaxial tensile strain, the electronic
gap becomes significantly smaller (1.45 ± 0.15 eV) than the optical direct gap (1.73 ± 0.1 eV), clearly evidencing a strain-induced
direct to indirect bandgap transition. Moreover, the Fermi level can shift inside the conduction band already in moderately strained
(~2%) MoS2 single layers conferring them a metallic character.
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INTRODUCTION
Tuning the band structure of two-dimensional (2D) materials by
applying mechanical strain can provide an efficient way to fit the
properties of the material to the specific requirements of various
applications. This could have a particularly high impact on
electronic and opto-electronic applications. Numerous experi-
mental1–4 and theoretical5–8 studies have been conducted so far
to reveal the effect of strain on the band structure of MoS2 single
layers. Theoretical studies predict a steady decrease of the
bandgap upon increasing strain for both uniaxial and biaxial
strain. Moreover, it is expected that increasing the strain leads to a
direct-to-indirect bandgap transition, predicted to occur between
1% and 5% strain, depending on the theoretical model.5–8 Further
increasing the strain up to 8–10% is predicted to give rise to a
semiconductor-to-metal transition by closing the bandgap.9
Photoluminescence (PL) measurements indeed revealed a closely
linear decrease of the bandgap as a function of the applied strain,
which confirms the possibility of bandgap engineering.1,2 How-
ever, in PL measurements the most intense peak originates from
the direct bandgap10 (the smallest energy difference between the
valence and conduction bands measured at the same position in
the Brillouin zone) reduced by the exciton binding energy. Indirect
transitions require the assistance of phonons that strongly reduce
the intensity of the corresponding PL peaks. By contrast, transport
measurements and electronic applications rely on the electronic
(fundamental) bandgap, which is the energy difference between
the global conduction band minimum and valence band
maximum. Consequently, the electronic gap can only be smaller
than the energy of the main PL peak (originating from the direct
bandgap and reduced by the exciton binding energy) in indirect
bandgap semiconductors. It is well known that, in contrast to their
bulk crystal, MoS2 single layers are direct bandgap semiconduc-
tors, evidenced by a highly increased luminescence quantum
yield.11 As discussed above, upon mechanical strain even single
layers are predicted to become indirect bandgap semiconductors,
which in principle should be reflected in the PL intensity. Indeed,
PL measurements reveal that not only the optical gap is decreased
by tensile strain but the PL intensity also substantially changes
upon straining.1,2 However, the PL intensity can be influenced by
several factors, such as strain and doping dependent on many
particle effects12 or exciton funneling.13,14 As a consequence, both
decreasing1,2 and increasing13,14 PL intensities have been
observed upon increasing strain. Therefore, based on PL intensity
alone it is difficult to unambiguously determine the direct/indirect
nature of the bandgap. A clear proof of the widely predicted
bandgap transition can be provided by the direct experimental
comparison of the electronic and optical gaps of the same
strained MoS2 sample. A comparison of PL and tunneling
spectroscopy data have been reported by Li et al.13. However,
the systems measured with the two techniques were significantly
different (MoS2/SiO2/Si—PL, MoS2/Au/SiO2/Si—tunneling spectro-
scopy). Owing to the strong renormalization effect of gold on the
tunneling spectra (electronic gap) of MoS2 single layers,
15 it is
difficult to separate the effect of strain from that of the Au
substrate.
Here we employ tunneling spectroscopy and PL investigations
to directly measure the electronic and optical bandgap of MoS2
nanobubbles emerging at the 2D MoS2/Au(111) interface. Since in
the bubble areas the MoS2 single layers are decoupled from the
Au substrate by the several nanometer high contamination
volume trapped inside the bubbles, the renormalization effect of
the gold substrate is absent in our case.16 Raman spectroscopy
reveals that such bubbles are characterized by a few percentage
of biaxial tensile strain. The direct comparison of the electronic
and optical bandgap of the same sample enables us to provide
conclusive evidence on the strain-induced direct-to-indirect
bandgap transition in MoS2 single layers. Furthermore, our results
evidence that, in the strained MoS2 single layers, the Fermi level
can shift into the conduction band providing a finite conductivity
already at moderate (few percentage) strain levels.
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We used a gold-assisted mechanical exfoliation technique
developed by us17 to exfoliate MoS2 single layers onto Au(111)
substrate. The topographic scanning tunneling microscopic
(STM) investigations of such samples revealed the formation of
circular protrusions (Fig. 1) that can be identified as MoS2
nanobubbles. Larger area atomic force microscopic (AFM)
investigations also revealed the presence of MoS2 bubbles with
diameters >100 nm (Fig. S1). The origin of such bubbles is the
relatively strong Van der Waals interaction that squeezes the
contaminants trapped at the MoS2/Au(111) interface into
bubbles in order to maximize direct contact area between the
two materials at the expense of the local elastic deformation
(strain) energy of the 2D MoS2 lattice in the bubble areas.
Khestanova et al.18 demonstrated that such bubbles are
characterized by a universal shape (aspect ratio) and pressure
(strain), determined only by the strength of the van der Waals
interaction with the substrate and the elastic properties of the 2D
crystal. The characteristic aspect ratio (hmax/R) of bubbles in our
sample was found to be 0.2. A higher aspect ratio indicates a
stronger adhesion to the substrate. The 0.2 value measured by us
for the MoS2/Au(111) system is higher than the 0.17 measured by
Khestanova et al. for MoS2 on MoS2 substrate, which is in
agreement with the fact that we exploit the stronger adhesion of
the MoS2 to Au(111) in order to exfoliate single layers from the
bulk crystal.17 The universal behavior of nanobubbles is highly
appealing as all bubbles are expected to display similar proper-
ties substantially facilitating the interpretation of their measure-
ments. We also note that deviations from the 0.2 aspect ratio
were found for the smallest bubbles. However, these deviations
are only apparent and can be attributed to the tip convolution
effects.19
Raman spectroscopy
In order to experimentally determine the amount of mechanical
strain induced in the MoS2 lattice in the bubble areas, we
performed confocal Raman spectroscopic measurements. One of
the main peaks, the E’ peak located around 380 cm−1 in strain-free
MoS2 single layers, is expected to shift considerably due to
mechanical strain,3,20 while it is practically unaffected by doping.21
By contrast, the A1 peak (~400 cm
−1) is affected by both strain and
doping.21,22 Our confocal Raman mapping of the samples
provided Raman spectra with a spatial resolution of about
500 nm. Even though most bubbles are much smaller than the
laser spot and the Raman signal can stem from an ensemble of
bubbles with various diameters, we can extract the corresponding
average strain information. This is made possible by the universal
shape of the bubbles,18 meaning that the average strain within a
bubble is proportional to (hmax/R)
2, which is constant. A Raman
intensity map can be seen in the left inset of Fig. 2. The bright
areas on the map correspond to larger bubbles based on the
correlation of Raman maps with topographic AFM images. Figure 2
shows the Raman spectrum averaged over bubbles (bright
regions), as well as the average spectrum corresponding to the
flat (dark) regions. While for the flat areas the two main Raman
peaks are located around 380 and 400 cm−1, as often reported in
the literature, in the bubble areas the E’ peak is apparently split,
and the main peak is downshifted, by >10 cm−1. This significant
downshift of the E’ peak can be attributed to a substantial amount
of tensile strain.20,22 The reason for the apparently double E’ peak
is that the Raman spot size is larger than the characteristic bubble
diameter. This way both strained (bubble) and unstrained (flat)
MoS2 areas are sampled. Another important observation is that
the substantially downshifted E’ peak does not vary significantly
on various bubbles, providing a well-defined peak in the spectra
averaged over all bubbles. This indicates that the pressure (strain)
inside the bubbles is approximately constant, in excellent
agreement with the findings of Khestanova et al.18 The
significantly increased Raman intensity on the bubbles can mainly
be attributed to the decoupling of the MoS2 sheet from the Au
(111) substrate in the bubble area, since the proximity of the
substrate is known to strongly quench optical signals.14,23 To
further support our interpretation, we have performed simulations
of the Raman spectrum of MoS2 single layers subjected to biaxial
tensile strain using the frequency-dependent Placzek approxima-
tion:
















Γ ω ωνð Þ n ωνð Þ þ 1ð Þ; (1)
where αρ,σ(ωL) is the polarizability tensor calculated at the laser
energy ωL, Qv and ωv are the phonon normal modes and
frequencies, ωs is the frequency of the scattered light, n(ωv) is the
Bose–Einstein distribution at room temperature, and Γ(x) is a
normalized Lorentzian function with full width at half maximum of
10 cm−1. The right inset of Fig. 2 shows the calculated Raman
spectrum for strained and relaxed MoS2 monolayers, together
with the average Raman spectrum measured on bubbles. The best
Fig. 1 Nanobubble formation at the MoS2/Au(111) interface.
a Topographic STM image of MoS2 single layer exfoliated onto Au
(111) substrate displaying nanometer height bright protrusions
identified as MoS2 nanobubbles trapping the contamination at the
MoS2/Au(111) interface. Scale bar length is 20 nm. b 3D STM image
of an individual MoS2 nanobubble of 1 nm height and 10 nm
diameter
Fig. 2 Quantifying the strain in MoS2 bubbles. Raman spectra
averaged over bubbles (red) and flat regions (black). Left inset shows
a Raman intensity map of the MoS2/Au(111) interface, where bright
regions can be associated with the presence of larger MoS2 bubbles.
Right inset shows the comparison with theoretically calculated
Raman spectrum displaying the best agreement for 2% biaxial
tensile strain
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agreement with the experimental data was found when
considering 2% of biaxial tensile strain in our calculations. This
strain value obtained from Raman spectroscopy corresponds very
well to the average strain one can expect from purely geometrical
considerations,18 as well as with previous Raman measurements
quantifying the strain emerging in MoS2 bubbles.
1 It is apparent
that the agreement between experiments and simulations is
almost perfect for the E’ peak, while it displays a small
discrepancy (~2 cm−1) for the A1 peak. The reason for this is
the sensitivity of the A1 peak to doping, which is not considered
in our calculation. From the larger redshift of the A1 peak as
expected from strain alone, we can estimate an electron (n)
doping of order of 1012 cm−2 in MoS2 bubbles.
PL and tunneling spectroscopy
To determine the optical gap of strained MoS2, we have
performed PL measurements on the bubbles and flat areas of
the MoS2/Au(111) sample. PL measurements on bubbles have
been performed in the bright areas of the Raman map that
previously have been identified as the areas with 2% strain. The
results are shown in Fig. 3a evidencing a 150meV redshift of the
PL peak in the strained (bubble) areas as compared to the flat
MoS2/Au(111) regions. Note that both PL spectra display a small
secondary peak at the main peak position of the other spectrum.
This is due to the larger size of the measurement spot as
compared to the bubbles, as well as the fact that no completely
bubble-free areas can be found. The main PL peak corresponding
to the direct transition reveals a 1.73 ± 0.1 eV large optical direct
bandgap in strained bubbles, in good agreement with optical gap
values reported in the literature on large bubbles with similar 2%
strain.1,14 We found similar PL intensities in strained bubbles and
unstrained flat areas. The reason for this is the competition of
several factors that influence the PL intensity, such as the direct/
indirect nature of the bandgap1 and the exciton funneling effect
in bubbles,14 as well as the quenching of the PL signal by the
substrate.14
To obtain the electronic bandgap of strained MoS2 bubbles, we
have performed tunneling spectroscopic measurements. We have
acquired tunneling spectra over MoS2 bubbles of various
diameters. The measurements always took place at the top of
the nanobubbles. Representative tunneling spectra are shown in
Fig. 3b. A bandgap value of about 1.45 ± 0.15 eV was found for all
23 different bubbles measured, with no dependence on the
geometry (diameter) of the bubbles.
DISCUSSION
The most important finding is that the 1.45 ± 0.15 eV electronic
gap value measured by tunneling spectroscopy is well below the
optical direct gap (1.73 ± 0.1 eV) obtained from our PL measure-
ments on the same sample. The fact that the electronic gap is
smaller than the optical direct gap clearly evidences that the
direct-to-indirect bandgap transition has already occurred for 2%
of biaxial tensile strain in MoS2 single layers.
Another important observation from the tunneling spectra is
the position of the Fermi level in strained MoS2 bubbles. MoS2
single layers are known to be intrinsically n-doped, with their
Fermi level shifted toward the conduction band.15,16 However,
on the MoS2 nanobubbles with 2% of strain, the Fermi level is
located right at the edge of the conduction band. This is in
contrast to unstrained MoS2 single layers, for which the Fermi
level lies typically a few hundreds of meV below the conduction
band (Fig. S2).15,16 This implies that by further increasing the
strain the conduction band minimum shifts below the Fermi
level, providing a metallic character to the MoS2 bubbles already
at moderate strain values. The inset of Fig. 3b shows an example
where we observed a non-zero density of states at the Fermi
level on several bubbles. The displayed spectra are the average
of several individual spectra to smooth out the fluctuations. The
non-zero density of states at the Fermi level is expected to have
significant effects on the electrical transport characteristics of
strained MoS2 single layers. The emergence of a metallic
character in mildly strained MoS2 as observed here is in contrast
with the theoretical predictions, where only a large amount of
strain (~10%) was shown to induce a semiconductor–metal
transition.9,24 The reason for this discrepancy is that in
calculations the Fermi level lies close to the valence band, while
in the experiments, the Fermi level is much closer to the
conduction band, due to the inherent n doping. This way, even
without closing the bandgap, free charge carriers become
available upon moderate strain in MoS2 single layers, which is
expected to substantially increase their electrical conductivity.
The ability of easily accessible strain values to induce a
conductive state in MoS2 single layers (in combination with
their intrinsic n-doping) can be exploited in various applications,
Fig. 3 Optical and electronic gap of strained MoS2 bubbles. a Photoluminescence spectra on strained MoS2 bubbles (red) and flat MoS2/Au
(111) areas (blue) evidencing an optical direct gap of 1.73 eV in strained MoS2, corresponding to a 150meV redshift of the PL peak as
compared to unstrained areas. b Tunneling spectra acquired on three different MoS2 nanobubbles revealing electronic gap values of 1.45 ±
0.15 eV. Inset shows that the Fermi level of strained bubbles can shift inside the conduction band, conferring a conductive character to MoS2
layers strained >2%
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such as electro-catalysis, where an increased sheet conductivity
is highly desired.25 We also mention that owing to the Fermi
level being very close to the conduction band edge we do not
expect any significant tip-induced band bending to occur on
bubbles, which is known to enlarge the bandgap measured by
STM.26
We would like to emphasize that, although the measurements
have been performed on the curved surfaces of MoS2
nanobubbles, the curvature radius was >20 nm even for the
smallest investigated bubbles. Therefore, the curvature is not
expected to influence the electronic band structure, in accor-
dance with calculations predicting that >4 nm curvature radius
the curvature effects on the electronic band structure are
negligible.27 The negligible effect of curvature in our case is also
experimentally verified by tunneling spectra acquired on
bubbles with various curvature radii revealing the same,
universal bandgap value of 1.45 ± 0.15 eV. This finding clearly
evidences that the observed effect is entirely due to the in-plane
biaxial strain in our case.
To understand the mechanism of strain-induced changes in the
band structure, we have performed density functional theory
(DFT) calculations at the Perdew–Burke–Ernzerhof (PBE) level. We
used the DFT optimized lattice constant 3.18 Å as a reference
(corresponding to 0% strain). Figure 4a shows the band structure
of 2D MoS2 with 0% strain, characterized by a direct bandgap at
the K point of the Brillouin zone. It is worth noting that the Fermi
level in the DFT calculations of the freestanding MoS2 is close to
valance band in contrast to the measurements, where the MoS2
layer is generally n-doped. By increasing the strain, the valence
and conduction bands near the K point downshift in energy while
the valence band position near the Γ point remains almost
unaffected relative to the Fermi energy. This behavior stems from
the strain-induced modification of orbital overlaps.28 The mod-
ification trends of the bands under strain is independent of the
different DFT calculation methods5 highlighting the robustness of
the phenomenon. In Fig. 4b at 2% of tensile strain, we can clearly
see that the bandgap is reduced by about 0.46 eV and becomes
an indirect gap between the K and Γ points of the Brillouin zone, in
agreement with our experiments. We note that DFT calculation
employing various exchange–correlation (XC) functionals and
more accurate description of many-body electron–electron
interaction predict various bandgap values,29,30 but the trend
that the fundamental gap is more sensitive to the strain and a
direct-to-indirect bandgap transition occurs at relatively low strain
values is robustly predicted,5–8,31 in excellent agreement with our
experimental findings.
While our findings experimentally demonstrate a particularly
efficient strain-tunability of the electronic bandgap of MoS2 single
layers, they also evidence strong limitations of the strain-
engineering approach. The transition to an indirect bandgap
restricts the opto-electronic applications, while the conductive
nature emerging >2% of strain puts a strong limitation on
electronic device applications, as such small strain values can
accidentally occur during sample fabrication and processing.
METHODS
Sample preparation
MoS2 single layers have been prepared by mechanical exfoliation of
synthetic bulk MoS2 crystals of high structural quality (2D semiconductors).
We have employed a gold-assisted mechanical exfoliation technique
developed by us and discussed in detail in ref. 17, providing single-layer
transition metal dichalcogenide flakes with hundreds of microns of lateral
dimensions on atomically flat Au (111) surfaces. The single-layer nature of
the investigated MoS2 crystals has also been confirmed by Raman
spectroscopy and AFM measurements.
Characterization
STM and spectroscopic measurements have been performed on RHK
PanScan Freedom STM under ultra-high vacuum conditions at room
temperature. Large area flakes could be easily identified through
optical microscope access enabling the guided landing of the STM tip
on MoS2 single-layer areas. STM imaging were acquired with typical
parameter ranges of |Ubias|= 100–500 mV and Itunnel = 100–500 pA. PL





























Fig. 4 Band structure of strained 2D MoS2. DFT calculated band structure of MoS2 single layer for 0% and 2% biaxial tensile strain evidencing
the reduction of the bandgap and the direct-to-indirect bandgap transition due to the downshift of the bands near the K point relative to the
Fermi energy
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microscope (Witec 300RSA) with an excitation wavelength of λ=
532 nm and W= 1 mW.
Computational details
DFT calculations including spin-polarized coupling were carried out using
the projector augmented wave method32,33 as implemented in the Vienna
ab initio simulation package.34,35 The generalized gradient approximation
of PBE was adopted for the XC functional.36 The band structure
calculations were performed with plane wave cutoff of 500 eV and the
Brillouin zone was sampled with (8 × 8 × 1) Monkhorst–Pack mesh of K
points.37 To avoid artificial interactions between periodic replicas of
nanosheet planes, a vacuum interval of 12 Å was introduced in the z-
direction. The structural and vibrational properties of the monolayer were
calculated with plane wave cutoff of 700 eV and a 30 × 30 × 1 Γ centered
Monkhorst–Pack grid. Geometry optimization were performed until all
atomic forces fell below 0.003 eV/Å. Vibrational frequencies were carried
out within the frozen phonon approximation with finite displacement of
0.015 Å. Dynamic polarizability was calculated within the linear response
theory,38 with similar parameters used during the frequency calculation
and geometrical optimization. Numeric derivatives of the polarizability
tensor were calculated using symmetric derivatives by manually shifting
the atoms according to normal modes in both the positive and negative
directions. The normal modes were normalized to 0.015 Å during the
Raman calculations.
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